Abstract There is increasing evidence that oxidized phospholipids (OxPLs) play an important role in atherosclerosis. These phospholipids accumulate in human and mouse lesions. Specific OxPLs have been identified as major regulators of many cell types present in the vessel wall. In endothelial cells, .1,000 genes are regulated. Some of these genes are pro-atherogenic and others anti-atherogenic. The anti-atherogenic effects are likely important in slowing the atherogenic process. Several receptors and signaling pathways associated with OxPL action have been identified and shown to be upregulated in human lesions. A structural model of the mechanism by which specific OxPLs serve as CD36 ligands has been identified. Specific oxidized phospholipids are also present in plasma and associated with Lp(a) particles. In humans, OxPL/apolipoprotein B has been shown to be a prognostic indicator and a separate risk factor for coronary events. 
CHEMISTRY OF OXIDIZED PHOSPHOLIPIDS
Several reviews and original articles have identified the structure of bioactive oxidized phospholipids that are formed from PUFAs at the sn-2 position (1-3). The number of oxidation products from each PUFA is likely at least 50, and effects of all of these products have not been examined. For the purposes of this review, we will only include structures of several well-studied molecules (Fig. 1) . Bioactive oxidized phospholipids may contain fragmentation products of PUFA, such as 1-palmitoyl-2-oxovaleroyl-sn-glycero-3-phoshorylcholine and 9-keto-10-dodecendioic acid ester of 2-lyso-phosphatidyl choline (KOdiA-PC); prostaglandins, such as 15 deoxy-delta12,14 prostaglandin J2 (PGJ2) and 1-palmitoyl-2-(5,6-epoxyisoprostane E2)-sn-glycero-3-phosphoryl choline (PEIPC); and levuglandins. These molecules exhibit different biological activities. An important recent development is a better understanding of the initial interaction of oxidized phospholipids with cells. Receptors have been identified, including CD36, SRB1, EP2, VEGFR2, and the PAF receptor (1, 4 ). An interaction with TLR4 has also been suggested in some studies but not others (1, 5) . A possible mechanism by which cells recognize oxidized phospholipids has been suggested involving the novel confirmation of these lipids in membranes (6) . These studies demonstrated that, when present in vesicles, truncated oxidized fatty acids at the sn-2 position move from the hydrophobic interior to the aqueous exterior of the vesicle. This would allow their recognition by cell surface receptors. An earlier model of isoprostane-containing phospholipids suggests that they are highly twisted and may distort membrane areas in which they are present (7) . These studies and others (8) suggest that phospholipid oxidation products can integrate into lipid membranes of cells and lipoproteins; they then can either act as ligands or may cause local membrane disruption. In addition, strong evidence has been presented for the ability of oxidized phospholipids to form protein adducts. Probably the most well characterized are the levuglandins that have been studied mainly in the retina but also are associated with atherosclerosis. These molecules are formed on phospholipids and are then hydrolyzed to the free levuglandins, which form adducts (3). In addition, studies have been performed employing biotinylated phospholipid oxidation products of arachidonate and linoleate (9, 10) . These demonstrate covalent binding of the unhydrolyzed oxidized phospholipids (OxPLs) to both endothelial cell and plasma proteins, one prominent protein being Apo A1. Using this method, the OxPL bound different amino acids from those bound by hydroxynonenal (a fatty acid oxidation product), suggesting that the phospholipid backbone may alter the pocket in which binding occurs.
OxPLs REGULATE VASCULAR CELL FUNCTION

Endothelial cells
The multiple effects of OxPLs on endothelial cells have been recently reviewed (1, 11) . After 4 h of treatment with 50 mg/ml of Ox-PAPC, ?1,000 genes are regulated: ?600 are upregulated and 400 downregulated (12) . In addition, a major difference in responsiveness to specific effects of Ox-PAPC of endothelial cells from different human donors has been documented (12) . Upregulation of some of these same genes was seen in vivo in mice (13) . Atherogenic pathways upregulated include inflammation, cholesterol synthesis, coagulation, and a decrease in cell division. There was also evidence of oxidative stress responses, including an increase in the anti-atherogenic redox genes and genes associated with the UPR response (12, 14, 15) . Though Ox-PAPC inhibits cells division at 4-6 h after treatment, the same concentration of Ox-PAPC increases angiogenesis seen at 72 h after treatment (16) . The lipid most strongly stimulating expression of many of the genes discussed above is PEIPC, which is active at 0.5-1 mg/ml. These and other studies provide evidence for differential effectiveness of the different lipids. Even where the same lipid affects more than one function, there is evidence for different signaling pathways being important in gene expression (4, 16) . For example, there is evidence that VEGFR2 activation increases IL-8 and MCP-1 synthesis but does not effect redox signaling. EP2 activation increases monocyte binding but does not affect angiogenesis.
In addition to gene regulation, important effects of Ox-PAPC on endothelial cell function independent of gene regulation have been reported. Ox-PAPC was shown to increase monocyte but not neutrophil binding by activating b-1 integrin (11, 13) . Ox-PAPC at 10 mg/ml was demonstrated to stabilize adherens junctions (17) . However, higher concentrations have been reported to cause protein influx into the lung, suggesting decreased cell contact (18) . These latter two studies point out the strong importance of the level of Ox-PAPC employed as a determinant of cell function.
Thus, the effects of OxPLs are complex, with some being pro-atherogenic and others anti-atherogenic. Since different pathways may regulate these effects, it may be possible to preserve the anti-atherogenic effects while inhibiting the pro-atherogenic effects; HDL in fact was shown to be an agent fulfilling these requirements (19) .
Macrophages
Many of the effects of OxPL are mediated by its interaction with CD36. Several groups have shown that LDL supplemented with Ox-PAPC or vesicles supplemented with fragmented a/b unsaturated fatty acids at the sn-2 position, such as KOdiA or HODA PC, bind to CD36 (2, 20) . In these experiments, as little as 0.3 mol% of HDdiA PC was sufficient to cause CD36 binding. In one of these studies, this binding resulted in foam cell formation, whereas in the other study, it resulted in lipid accumulation but no buildup of cholesterol ester. Another important phagocytic function of macrophages is the uptake of apoptotic cells, which are abundant in atherosclerotic plaques. OxPLs, including oxidized phosphatidyl serine and phosphatidyl choline derivatives, were shown to serve as ligands for macrophage uptake of apoptotic cells (21, 22) . Vesicles containing oxidized CD36 ligands or antibodies to CD36 ligands could block apoptotic cell uptake. In CD36 null mice, apoptotic cells accumulate (22) . In addition to CD36, OxPLs also interact with and bind to other pattern recognition receptors in macrophages, including TLRs CD14, LPS binding protein, and C-reactive protein competing with native ligands (1, (23) (24) (25) (26) . Thus, the formation of OxPL during inflammation may represent an important feedback mechanism to limit further tissue damage.
OxPLs have also been shown to activate macrophages. Recently, it was shown that Ox-PAPC was involved in in- ducing lung injury and cytokine production by lung macrophages (18) . Binding of OxPL to CD36 was also demonstrated to activate signaling pathways that caused foam cell formation and simple binding was not sufficient (27) . At high concentrations, OxPL leads to activation of proapoptotic signaling in various cells, including smooth muscle cells (SMCs) (28) and macrophages (29) . Mechanisms of induction of pro-apoptotic pathways by OxPL have been reviewed recently (28) . However, in atherosclerotic lesions, where macrophages are constantly exposed to high levels of OxPLs, macrophages survive for surprisingly long periods of time, despite the toxic environment, implying the upregulation of survival mechanisms, such as antioxidant pathways and phase II detoxification genes, some of which have been observed (12, 20) .
Dendritic cells
OxPLs have been shown to modulate the maturation process of dendritic cells (DCs), thereby influencing decisive steps of the adaptive immune response. Ox-PAPC was shown to block LPS-induced expression of costimulatory molecules CD40 and CD83 and inhibit secretion of proinflammatory cytokines. This led to a dampening of T-cell proliferation and interferon-g secretion by T-cells (30) . These results strongly indicated a specific block of the Th1-orientated immune response by Ox-PAPC. Studies in apolipoprotein E (apoE)-deficient mice demonstrated a severely compromised immune response, accompanied by a depressed contact-and delayed-type hypersensitivity reaction (31) . In apoE-deficient mice on a high-fat diet, it was shown that decreased DC activation led to impaired Th1 and enhanced Th2 responses (32) . A recent study shows that OxPLs regulate innate immunity in human leprosy (33) . PEIPC accumulated in macrophages infected with live mycobacteria and inhibited expression of CD1b on differentiating DCs leading to decreased antigen presentation. These effects could be reversed by HDL. In addition to effects on DCs, OxPLs were shown to directly affect and induce anergy in T-cells (34) . These results show that a dyslipidemic microenvironment can directly interfere with DC and T-cell responses to pathogen-derived signals and skew the development of T-cell-mediated immunity.
SMCs
Phenotypic switching of SMCs involving increased proliferation, enhanced migration, and downregulation of SMC differentiation marker genes plays a critical role in atherogenesis. In addition, smooth muscle cell apoptosis contributes to plaque instability. Several studies have reported that OxPLs stimulated differentiation and increased cell division of SMCs (35, 36) , while others showed activation of apoptotic signaling pathways (28) . It is clear from these studies that apoptosis depends on the conditions of culture and the concentration of oxidized lipid. Recently, it was shown that Ox-PAPC caused phenotypic switching in SMCs by suppressing the expression of several Krüppel-like transcription factor 4-dependent differentiation markers (36) . In unpublished studies, 0.1 mg/ml of PEIPC showed significant effects on SMC differentiation. OxPLs also potently affect connexin expression and function in endothelial cells and SMCs (37) , which may have significant effects on the progression of atherosclerotic lesions by enhancing smooth muscle cell interaction with the endothelium in the fibrous plaque (38) . The in vitro effects of Ox-PAPC led to connexin changes seen in atherosclerotic lesions.
Platelets
Studies in mouse and humans have demonstrated that platelets can be activated by the interaction of OxPL with CD36 (39) . Several studies in thrombosis models in mice showed that that clotting time was decreased in apoE null mice on a Western diet but not in CD36 null mice. CD36 OxPL ligands, including KOdiA-PC and HODA PC, were increased in the plasma of susceptible strains. Studies of human plasma suggest that the levels of OxPC CD36 control thrombogenicity in humans. Enhanced activation of platelets was observed in human plasmas containing the highest amounts of OxPC CD36. These studies demonstrate that specific OxPLs regulate platelet function by binding to CD36.
SUMMARY OF THE EFFECTS OF OxPLs ON VASCULAR WALL CELLS
OxPLs affect the function of all vascular wall cells. One phospholipid oxidation product, PEIPC, has been shown to be active at concentrations (100-500 ng/ml) ?10-fold lower than those measured in the vessel wall. OxPLs isolated from the vessel wall and diluted 10-fold were able to stimulate an inflammatory response. Furthermore, the concentration of OxPLs in plasma of mice and humans with increased platelet reactivity precisely overlap with levels that modulate platelet aggregation. These studies suggest that levels of OxPLs in vivo are sufficient to regulate atherosclerosis and thrombosis.
EVIDENCE FOR A ROLE OF OxPLs IN HUMAN ATHEROSCLEROSIS
Another chapter in this series addresses the current status of the oxidation hypothesis in atherosclerosis to which the reader is referred. However, we think it is important to point out the increasing evidence that OxPLs play a role in human atherosclerosis. These include 1) the observation that the plasma levels of OxPC CD36 correlate with platelet response to agonists (39); and 2 ) signal transduction pathways, SREBP, UPR, STAT3, and CNX 43, activated by Ox-PAPC in vitro are also activated in human lesions (11, 37) . Perhaps the strongest evidence comes from 3 ) the prognostic value of OxPLs on apolipoprotein B-100 particles (OxPL/apoB) measured with antibody E06. E06 recognizes PC present in OxPL but not native PL. It recognizes particular OxPLs, such as 1-palmitoyl-2-oxovaleroylsn-glycero-3-phoshorylcholine, present as a lipid, or if covalently attached to a variety of different peptides, irrespective of amino acid sequence (40) .
Prognostic studies on OxPL/apoB
A number of studies support a role for OxPL/apoB levels as a prognostic indicator of atherosclerosis and a separate risk factor. In a series of clinical studies (now encompassing .25,000 subjects), it has been consistently documented that a strong correlation is present between OxPL/apoB and lipoprotein (a) [Lp(a)] levels (41) (42) (43) . E06 was used to detect OxPL and does not react with native Lp(a). The strong correlation is due to the fact that, where OxPL is present, most E06 recognizable epitopes are on Lp(a) rather than other apoB-containing lipoproteins. It is interesting that this strong correlation of OxPL/apoB and Lp(a) is dependent on the genetically determined apo(a) isoform size, with the strength of this correlation being weakest for the largest isoforms and strongest with the lowest number of kringle IV repeats (44) . Multiple cross-sectional and prospective studies have demonstrated that Lp(a) is an independent risk factor for cardiovascular death, myocardial infarction, stroke, and peripheral arterial disease (45) . These observations have suggested the hypothesis that E06-detectable OxPL, which is present primarily on LDL containing Lp(a), may confer unique atherothrombotic properties to Lp(a) (41, 43) . Supporting this connection, normal mice, LDLR 2/2 and apoE 2/2 mice, which do not have Lp(a), have low OxPL/apoB levels even when markedly hypercholesterolemic. By contrast, Lp(a) transgenic mice without hypercholesterolemia or atherosclerosis have very high OxPL/ apoB levels that reflect the Lp(a) levels (43) .
In a series of studies beginning in 2003, it has been determined that OxPL/apoB levels are elevated in patients with coronary, carotid, and femoral artery disease (44, 46) , acute coronary syndromes, and following percutaneous coronary intervention (43) . For example, OxPL/apoB levels strongly correlated with both the presence and extent of angiographically determined coronary artery disease measured in 504 patients undergoing coronary angiography (46) . Patients in the highest quartile of OxPL/apoB had the most advanced angiographically detected coronary artery disease. In the overall cohort, this association was independent of all clinical and lipid risk factors (including C-reactive protein), except for Lp(a). However, in patients ,60 years old, OxPL/apoB levels were independent even of Lp(a), suggesting that OxPL may mediate atherogenicity above and beyond its association with Lp(a), perhaps through additional proinflammatory mechanisms. These data were corroborated in peripheral arterial disease in the Bruneck population consisting of an unselected community cohort of men and women strongly and significantly associated with the presence, extent, and interim development of carotid and femoral atherosclerosis (44) . OxPL/apoB and Lp(a) also predicted the presence of symptomatic cardiovascular disease at entry into the study and also predicted new cardiovascular events over a 10-year period, independent of other risk factors, and also provided additional prognostic information within each Framingham Risk Score tertile (47) . This study has subsequently been confirmed in a case-control study of ?2,700 subjects in the EPIC-Norfolk population, where elevated levels of OxPL/apoB were independently associated with increased risk for cardiovascular events (48) .
RELATIONSHIP OF OxPL/apoB TO THERAPEUTIC INTERVENTIONS
All studies performed to date with low-fat vegetarian or step II American Heart Association diet, or different doses and different types of statins, show an increase rather than a decrease in OxPL/apoB, along with a concomitant increase in Lp(a) (49) . Although the mechanistic underpinnings of this observation are not fully determined, dietary atherosclerosis regression studies in animals with or without Lp(a) have shown similar increases in OxPL/apoB and, importantly, with concomitant removal of OxPL from atherosclerotic lesions (49) . This suggests the hypothesis that mobilization of OxPL from the vessel wall or other inflammatory sites and transfer to lipoproteins, and particularly Lp(a) in humans, may occur during atherosclerosis regression. These observations suggest the possibility that the change in OxPL/apoB following therapeutic interventions may represent an early index of plaque stabilization and/or atherosclerosis regression, as changes are noted as early as 4 months after therapy. This hypothesis is currently being tested in large clinical trials.
FUTURE DIRECTIONS
The studies above provide strong evidence that OxPLs play an important role in atherosclerosis. The next challenge will be to determine if therapeutic inhibition of the OxPL interaction with vessel wall cells can inhibit atherosclerosis. It will be important to identify the lipid oxidation products that activate each response in the various cell types and the receptors or binding molecules and signal transduction pathways activated by these lipids. It will also be important to identify, in various stages of atherogenesis, the OxPL species that accumulate at sufficient levels to affect vascular cell function. The OxPL signal is generally more sustained than that of cytokines, and it will be important to understand how this is controlled. Studies comparing genetic and epigenetic responses to OxPL among human donors may identify novel regulatory pathways. It will be important to identify the molecules that degrade OxPL, one of which is PAF-AH type VII (as discussed in another chapter), and determine the comparative effects of the liberated oxidized fatty acids to that of the OxPL. It will also be important to identify the molecules that control production of OxPL. Myeloperoxidase has already been identified, but other candidates, for example, paraoxonase and HDL, will likely also contribute to this regulation. It will be important to gain a better understanding of the role of Lp(a)-bound OxPL in vessel wall regulation and to gain an understanding of how treatments like statins cause OxPL removal from the vessel wall. If the change in OxPL/apoB can be demonstrated to predict the clinical usefulness of therapeutic agents, particularly those related to lipoproteins and oxidation (e.g., statins and HDL mimetics, such as D-4F, etc.), then it may find a unique niche in clinical medicine. Compared with cytokines, OxPLs are recently discovered regulators of vascular function and much remains to be learned.
